Metasurface-based lenses (metalenses) offer specific conceptual advantages compared to ordinary refractive lenses. For example, it is possible to tune the focal length of a metalens doublet by varying the relative angle between the two metalenses while fixing their distance, leading to an extremely compact zoom lens. An improved polarization-insensitive design based on silicon-nanocylinders on silica substrates is presented. This design is realized and characterized experimentally at 1550 nm wavelength. By varying the relative angle between the metalenses in steps of 10 degrees, tuning of the doublet focal length is demonstrated from −54 mm to ±3 mm to +54 mm. This results in a zoom factor of an imaging system varying between 1 and 18. For positive focal lengths, the doublet focusing efficiency has a minimum of 34% and a maximum of 83%. Experiment and theory are in very good agreement.
two or more ordinary refractive lenses to change the effective focal length, [1] making such systems complex and large. Many alternatives have been discussed. This includes Alvarez lens systems based on lateral displacements of two refractive free-form surfaces, [2, 3] liquidcrystal based devices, [4] [5] [6] [7] [8] [9] and deformable lenses based on liquids [10] [11] [12] [13] or other elastic constituents. [14] Tunable metasurfaces, [15] [16] [17] [18] [19] with the ability to control the wave front dynamically under a subwavelength scale, enables ultrathin adjustable devices. Tunable metasurface-based lenses or "metalenses" [20] [21] [22] [23] [24] [25] [26] [27] [28] have been discussed as well. Examples are metalenses on elastic substrates, [29] [30] [31] Alvarez metalens systems, [32] and tuning of the metalens focal length by stimuli such as temperature [33, 34] or static electric fields combined with dielectric elastomer actuators [35] or microelectromechanical systems. [36, 37] More recently, the concept of rotatory metalens zoom doublets has been introduced. [38] [39] [40] [41] Here, the focal length can be varied by changing the relative angle between the two metasurfaces while fixing their distance. This compact, simple, and robust designwhich has no counterpart for ordinary refractive lenseshas been discussed theoretically. [38] [39] [40] Early experiments at microwave frequencies have demonstrated the validity of the concept, albeit in a polarization-dependent manner. [41] The novelty of the present paper lies in presenting an improved polarization-insensitive theoretical design, and in providing corresponding experimental focusing characterizations as well as imaging demonstrations at telecommunication wavelengths, with a zoom varying by as much as a factor of 18.
Designs and Principles
The operation principle of the metalens doublet is illustrated in Figure 1a . In order to establish the relationship between focal length and relative angle between the two metasurfaces, we construct an output wave front from the doublet that depends on the angle.
We choose the phase profile of a spherical defocusing lens, which results in smaller phase errors than that of a focusing lens (see Section S1). For the two metasurfaces in the doublet, we choose the two phase profiles
and
Here, is the radial coordinate, is the operating wavelength in free space, 0 is a reference focal length, and 0 is a reference rotation angle. The function [… ] replaces its argument by the nearest integer. Thereby, this function ensures that the phase shift varies by an integer multiple of 2 when increasing 0 from 0 to 2 . Deviations from this behavior would result in discontinuities around 0 = 2 , causing unwanted phase errors of the doublet.
The function ( ) is zero for all for the ideal case of zero axial distance between the two metasurfaces. A non-zero choice of this function serves to compensate distortions of the focal spot that arise from the finite distance. We have optimized this function to ( ) = 12 ( 2 0 ). A comparison to the case of ( ) = 0 is given in Section S2.
Combining the two metasurfaces and neglecting the finite distance between them, the phase profile of the doublet is given by
For reference, the phase profile of a spherical lens with focal length is given by 0 ( ) = − ( 1 2 ) . Comparing ( , ) and 0 ( ), we find that ( , ), which is shown in Figure   1b , is a quantized version of 0 ( ). Moreover, the focal length of the doublet becomes a function of the rotation angle according to
We define the ratio = as the zoom power of the doublet. The mentioned quantization leads to a decrease of the diffraction efficiency. Following the theory of multilevel diffractive lenses, [42] the diffraction efficiency is given by = (sinc(1/ )) 2 , where = 2 / is the number of quantized levels. For example, we obtain = 40.5% and = 1 for = , = 81.1% and = 2 for = /2, and = 95.0% and = 4 for = /4. Clearly, the diffraction efficiency increases with increasing ∝ 1/ .
We target a free-space operation wavelength of the metalens zoom doublet of = 1550 nm.
To achieve the above phase profiles in this wavelength regime, we consider metasurfaces Because the two metasurfaces in the doublet are placed face to face, light impinges from the bottom of the first metasurface and from the top of the second metasurface. As diffraction of light is involved, the corresponding optical transmissions are not necessarily identical.
Therefore, we investigate both propagation directions. Our optimization of the parameters , H, and P follows two rules. First, we optimize the three parameters to obtain high transmittance for both propagation directions and full phase control. Second, the response of the nanocylinders should depend only weakly on the angle of incidence, as oblique incidence plays a role in most practical circumstances. We arrive at = 600 nm and = 700 nm at = 1550 nm.
The transmittances and phase shifts of the nanocylinders versus R under normal incidence of light are shown in Figure 2a . Responses under different incident angles are depicted in Figure   2b and c. With the radius varying from 60 nm to 260 nm, a phase shift of nearly 2 and a transmittance above 75% is achieved for normal incidence. Furthermore, within the range if radii investigated by us, most Si nanocylinders exhibit only a weak dependence on the incidence angle within an angular range of 20°.
Results and Discussions

Focusing with the metalens doublet
To experimentally test the above design, we have fabricated a corresponding metasurface doublet with a diameter of 1 mm and a minimum focal length of 3 mm. Details of the fabrication and the designed phase profile are discussed and shown in Section S3 and Figure   S4 . Optical micrographs of two fabricated metasurfaces and scanning electron micrographs for one of them are shown in Figure 2d and Figure 2e ,f, respectively. A SiO2 layer with a thickness of about 2.5 μm has additionally been deposited around the nanocylinder area for both metasurfaces to protect the nanocylinders from being scratched, which corresponds to the yellow ring in Figure 1a . Additional alignment markers have been applied to guide the rotation alignment.
The focusing behavior of the doublet was measured under collimated illumination at a wavelength of = 1550 nm. Details of the experimental characterization setup are given in Figure S5 and S6. measured FWHM is 27% larger than the diffraction limit of 0.514 /NA. For = 10°, the FWHM is 60% larger than the diffraction limit. This behavior results from a weak focusing behavior at a small numerical aperture of NA = 0.001. The focusing efficiency exhibits a minimum of = 23% at = 180°, where the focal length has its minimum of 3 mm, and increases to = 82% at = 10°, where the focal length has its maximum of 54 mm. This overall behavior is expected from the doublet phase profile discussed above. The average focusing efficiency is 54%, which is slightly smaller than the numerically determined value of 63%. We attribute this difference partly to the finite axial separation of the two metasurfaces, which has been neglected in the design process and which leads to phase distortions. Fabrication imperfections of the Si nanocylinders and their arrangement may also contribute. In addition, the remaining dependence on the angle of incidence (cf. Figure 2b,c) , which has not been accounted for in the design process, is likely yet another contribution.
Imaging with the metalens doublet
We have also experimentally characterized the zooming ability of the metalens doublet in imaging experiments using a 4 system, which consists of the metalens doublet and a conventional lens with a focal length of 200 mm (see Figure S7 for details). We have manufactured a dedicated test sample (see Figure S8 ). 
Conclusion
In summary, we have presented experimental results following an optimized design of a zoom metalens doublet, based on rotating two metasurfaces with respect to each other at fixed distance between them, at an operation wavelength of 1550 nm. The focal length could be adjusted from ±3 mm to ±54 mm, corresponding to extremal zoom factors of ±18 × at an average focusing efficiency of 54%. Such compact and easy-to-use tunable zoom metalens doublets can be scaled to other operation wavelengths and could find niche applications where compactness is key and only a narrow wavelength range is needed.
discussed the results. Y.X.Wei wrote a first draft of the manuscript, which was refined by contributions from all authors. 
However, under different focal length ( ), the phase profile of a focusing lens is Figure S1 . It is obvious that ( , ) introduces more phase errors for the doublet, thus ( , ) which results from the design with the spherical defocusing lens can be a better choice. 
Figure S5.
Optical setup for measurements for positive focal length. The incident beam is derived from a continuous-wave laser (JOINWIT: JW8002) with a free-space wavelength of 1550 nm.The incident light is focused by the doublet metalens and imaged onto the InGaAs-based camera (Xenics: Bobcat-320-Gige) by a microscope objective. To determine the focal length, we measure the light intensity on the optical axis by moving the metalens doublet along the optical axis. In order to perform these measurements for rather different spot sizes, we have chosen different microscope objective lenses, namely 4 ×, NA = 0.1 and 10 ×, NA = 0.25. Figure S6 . Optical setup for measurements for negative focal length. As the negative focal length is difficult to measure directly, a conventional lens (with 40 mm focal length) is inserted 37.27 mm before the doublet metalens. Together, they effectively form a positive optical lens. By measuring its effective focal length, the (negative) focal length of the metalens doublet can be calculated. Figure S7 . Optical imaging setup. A 4 system is formed by the metalens doublet and a conventional lens (200 mm focal length). The aperture in front of the resolution target is used to improve the image quality. When one part of the resolution target is captured, the target will be moved and the next part is aligned to the aperture for capturing. With changing focal length of the metalens doublet, the image size on the CCD camera would vary considerably.
To compensate for that effect, we have chosen different magnifications of the objective lens, namely 4 ×, 10 ×, and 20 ×. The periods are 1.5 mm, 1.25 mm, and 1 mm. The target was fabricated on a thick black cardboard by using laser marking. Scale bar is 5 mm.
